1 the optimum design of a class E power amplifier with resonant tank being symmetrically driven by two class E circuits is studied. The optimally designed symmetrical class E circuit has extremely low harmonic distortion, and the load matching network (if required) is non-critical and can be designed with ease. Practical steady-state design equations are derived and graphically presented. Experimental circuits are constructed for distortion evaluation.
II. PRINCIPLE OF OPERATION
The symmetrically driven class E circuit under study is shown in Fig. 1 . It consists of an LCR parallel resonant tank which is driven symmetrically by two MOSFET switches, Q1 and Q2. The switches are driven on and off alternately within each of the half operating period T /2 (T = 1/f = 2π/ω). The components are chosen to satisfy the symmetry conditions, i.e., Q1 = Q2 (D1 = D2), L1 = L2 and C1 = C2. Thus, the waveforms of I1 and vC 1 should resemble those of I2 and vC 2 , respectively, but with a phase shift of ωT /2, i.e., π. The parallel resonant tank is then driven by a nearly sinusoidal voltage given by vT = vC 1 − vC 2 .
Depending upon the driving frequency ω, three sets of steadystate waveforms are shown in Fig. 2 , denoted as operating modes 1, 2 and 3. By symmetry, we need to consider only the half switching period. The circuit for states 1, 2 and 3 are given in Figs. 3, 4 and 5, respectively. Note that Fig. 2 (b) is a special case of Figs. 2 (a) and (c) with κ = 0 and λ = 0, respectively. It should be obvious that operations in the vicinity of operating mode 2, as shown in Fig. 2 (b) , should give the least distortion. We will focus on this case.
Analysis of such class E zero-voltage-switching (ZVS) circuits can be done using the fundamental frequency component method [6] . The basic assumptions of this method are: (i) The transistors, capacitors and inductors are ideal and lossless; (ii) I1 and I2 are identical constant current sources in the steady state; (iii) the fundamental component of the tank inductor current is
where IL and φ are the amplitude and phase of iL.
Referring to the circuits shown in Figs. 3, 4 and 5 for the various switching states, the steady-state equations are
where τ = −κT for mode 1, τ = 0 for mode 2, and τ = λT for mode 3; and
≤ t < 0 and
)T and
where κ < 1 2 and λ < 1 2 . The capacitor voltage vC 1 can be found by integrating (2), i.e.,
where τ = −κT for mode 1, τ = 0 for mode 2, and τ = λT for mode 3. The boundary condition for ZVS can be found by solving
where σ = −κ for mode 1, σ = 0 for mode 2, and σ = λ for mode 3. This gives
where cos(πσ) > 0 for |σ| < 1 2 and − cos(πσ + φ) > 0 for some πσ + φ. Equation (6) is often referred to as "sub-optimum" condition in class E amplifiers, where iC 1 (σT ) < 0 is utilized to achieve soft switching. The anti-parallel diode D1 of transistor Q1 is let conduct while vC 1 has reversed its polarity. The voltage across Q1 will then be held at a low level equal to the diode drop. Transistor Q1 is then turned on by the control circuit to take over the current of the body diode and keep the capacitor vC 1 at near 0 V. The switching loss can be further reduced if the current at the switching instant is also low. If the condition of zero-current-switching (ZCS), iC 1 (σT ) = 0, is also enforced, we have the optimum operation. This corresponds to
Combining (6) and (7), we obtain a condition for optimum operation, i.e., The resonant tank is driven by vT (t) = vC 1 (t) − vC 2 (t) as shown in Fig. 2 , which is given by
Putting (6) in (4) gives
where τ = −κT for mode 1, τ = 0 for mode 2, and τ = λT for mode 3, and A = . Using Fourier analysis, it can be shown that the harmonic components of (9) is lowest when operating near mode 2, i.e., σ ≈ 0. In our analysis, we will assume σ = 0.
An equivalent circuit for analysis is shown in Fig. 6 [6] . This equivalent circuit is driven by a sinusoidal source i(ω) = 4 π I1 sin(ωt). At optimum operation, the magnitude and phase of the inductor current of the parallel resonant tank at ω are given as
(b) Fig. 3 . State 1 of the symmetrically driven class E amplifier. and
I1
respectively, where Zo = L/C, QL = ωoCR, ωo = 1/ √ LC, ω1 = 1/ LCC1/C + C1. Conversely, the component values of the resonant tank are represented as L = Zo/ωo, C = 1/ωoZo, R = QLZo, C1 = 1/ωoZo((ω1/ωo) 2 − 1). Combining (7), (8), (11) and (12), the optimum class E operation point for mode 2 can be found by solving the following equations numerically. Fig. 6 . Equivalent circuit for analysis. In the steady state, the volt-time product of L1 should be zero, i.e.,
Solving (15), we obtain πω ωo ω1 ωo
where P is the power given by P = 2I1E. Figure 7 shows the graphical representations for (13) and (14), and Fig. 8 shows the corresponding plot for (16).
III. DESIGN EXAMPLES AND EXPERIMENTS
Suppose QL = 1.3, Zo = 38.4 Ω, and R = 50 Ω. Then, from from around 15 to 32 V, then using Fig. 8 , we arrive at the component and parameter values shown in Table I . The power level ranges from 30 to 150 W, depending upon the input voltage value. Likewise, we can obtain the component and parameter values for the case QL = 1.9, Zo = 26.3 Ω and R = 50 Ω, as shown in Table I . Experiments have been carried out for the two design examples mentioned in the previous section. For the purpose of comparison, two additional conventional class E power amplifier circuits have also been implemented. For a fair comparison, the circuits use the same Q-factor and resonant tank as in the symmetrically driven circuit. A large capacitor (0.1 µF) has been added to block the dc to the output load. To achieve class E operation, the value of the parallel capacitor C1 has been reduced to 1.47 nF (for QL = 1.3) and 4.2 nF (for QL = 1.9), and the corresponding switching frequency has been increased to 1.36 MHz and 1.22 MHz. Figure 9 shows the waveforms from the symmetrically driven class E amplifier for QL = 1.3. The harmonic contents of the currents are measured using the FFT function of a digital storage oscilloscope (DSO). Tables II and III compare the harmonic contents of the symmetrically driven class E amplifier and conventional singleended counterpart. It should be noted that the even harmonics of the symmetrically driven class E circuit are too small to be measured, and are thus omitted in the tables. It is found that the symmetrically driven class E amplifier circuit has distortion of nearly an order of magnitude lower than that of the conventional class E circuit. The measured efficiency from our prototypes is about 85%, the loss being mainly dissipated in the heating of the inductor core and the onresistance of the switches.
IV. CONCLUSION
A symmetrically driven class E power amplifier has been studied in detail. Analysis has been performed for three possible modes of operation. Optimum design equations and look-up graphs have been presented to facilitate design and implementation. Experimental circuits have been built for harmonic distortion evaluation. By virtue of the symmetrical driving voltage which is already close to a sinewave, the amplifier achieves very low harmonic distortion while maintaining similar power efficiency.
